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Coordination of skeletal muscle growth and metabolism with nutrient availability is critical for metabolic
homeostasis. To establish the role of insulin-like signaling in this process, we used muscle creatine kinase
(MCK)-Cre to disrupt expression of insulin receptor substrates Irs1 and Irs2 in mouse skeletal/cardiac muscle.
In 2-week-old mice, skeletal muscle masses and insulin responses were slightly affected by Irs1, but not Irs2,
deficiency. In contrast, the combined deficiency of Irs1 and Irs2 (MDKO mice) severely reduced skeletal muscle
growth and Akt—mTOR signaling and caused death by 3 weeks of age. Autopsy of MDKO mice revealed dilated
cardiomyopathy, reflecting the known requirement of insulin-like signaling for cardiac function (P. G. Laust-
sen et al., Mol. Cell. Biol. 27:1649-1664, 2007). Impaired growth and function of MDKO skeletal muscle were
accompanied by increased Foxo-dependent atrogene expression and amino acid release. MDKO mice were
resistant to injected insulin, and their isolated skeletal muscles showed decreased insulin-stimulated glucose
uptake. Glucose utilization in MDKO mice and isolated skeletal muscles was shifted from oxidation to lactate
production, accompanied by an elevated AMP/ATP ratio that increased AMP-activated protein kinase
(AMPK)—acetyl coenzyme A carboxylase (ACC) phosphorylation and fatty acid oxidation. Thus, insulin-like
signaling via Irs1/2 is essential to terminate skeletal muscle catabolic/fasting pathways in the presence of

adequate nutrition.

Skeletal muscle is a major site of bodily energy consumption,
so the capacity to coordinate its growth and metabolism with
nutrient availability is critical for survival (5, 19). Insulin-like
signaling—mediated by insulin and insulin-like growth factor I
(IGF1)—integrates animal growth, metabolism, and life span
(55) and plays an essential role in cardiac function (35). The
receptors for insulin and IGF1 (Ir and Igflr, respectively)
activate common intracellular signaling cascades but display
distinct biological functions: Ir knockout mice are slightly small
at birth and die after a few days, owing to extreme hypergly-
cemia and ketoacidosis; Igflr knockout mice are 50% smaller
than normal and die after birth from severe developmental
defects (37). Many studies suggest that metabolic disease, in-
cluding diabetes, originates from dysregulated skeletal muscle
insulin action (45, 48). Unlike liver and adipose tissues, which
express exclusively insulin receptors, skeletal muscle expresses
both Ir and Igflr (35). Deficiency of Ir or Igflr in mouse
skeletal and cardiac muscle has minor effects upon glucose
homeostasis and muscle function (37); glucose tolerance in
young mice lacking both receptors in skeletal and cardiac mus-
cle is also nearly normal, until they die suddenly owing to
dilated cardiomyopathy (35).

The insulin and IGF1 receptors are tyrosine kinases that
phosphorylate various proteins, including the insulin receptor
substrates Irsl and Irs2. Irsl and Irs2 are usually expressed
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together in all cells and tissues; however, they can display
distinct signaling functions in specific cellular contexts (29). In
mouse liver, where both of the Irs proteins mediate insulin
action, Irsl generates a persistent signal in the postprandial
state, whereas Irs2 might be more important during fasting and
immediately after eating (22, 31). Irs2 is critical for pancreatic
B-cell growth, function, and development, whereas Irsl ap-
pears to contribute mainly to insulin secretory mechanisms
(55). In the central nervous system, Irs2 signaling plays an
important role in brain growth, nutrient sensing, and life span
regulation, whereas Irsl might to be less important for these
functions (55). Previous cell-based experiments suggest that
Irs1—Akt2 signaling plays an important role in myoblast dif-
ferentiation and glucose metabolism, whereas Irs2—Akt1 sig-
naling contributes to lipid metabolism (29). Whether Irsl and
Irs2 mediate distinct insulin and IGF1 receptor signaling in
skeletal muscle is unknown.

During periods of nutrient abundance, insulin-like signaling
stimulates the Akt—mTOR pathway in skeletal muscle, which
increases amino acid uptake and promotes protein synthesis (5,
19). Akt also phosphorylates and inactivates Foxo transcription
factors to decrease the expression of genes that promote mus-
cle autophagy (60). Conversely, when the circulating insulin
concentration is relatively low during fasting, skeletal muscle
protein is degraded, and amino acids are released for use by
other organs, including the liver for gluconeogenesis and acute
phase protein synthesis (36, 42). Thus, the regulation of pro-
tein synthesis/degradation by insulin-like signaling coordinates
growth and metabolism of skeletal muscle with nutrient avail-
ability to preserve interorgan energy homeostasis (50, 54).

Skeletal muscle has the capacity to utilize energy substrates
selectively in response to changes in nutrient availability (14,
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30). Skeletal muscle is a major site of glucose uptake and
oxidation under insulin-stimulated conditions; however, during
fasting, fatty acid is the predominant substrate for oxidation by
skeletal muscle (14, 30). This metabolic flexibility spares car-
bohydrate for use in the brain and, given the substantial mass
and energy expenditure of skeletal muscle, is an important
attribute for energy homeostasis and survival. During pro-
longed starvation or exercise, the increase in the AMP/ATP
ratio or depletion of glycogen stores activates the AMP-acti-
vated protein kinase (AMPK), which in turn stimulates skeletal
muscle fatty acid oxidation via phosphorylation of its down-
stream target acetyl coenzyme A (acetyl-CoA) carboxylase
(ACC) (27, 39). Although the intracellular energy level con-
trols the AMPK—ACC axis, it is unclear how insulin-like sig-
nals modulate the AMPK pathway in skeletal muscle. Given
their involvement in both IGF1 and insulin signaling, the adap-
tor proteins Irsl and Irs2 provide a logical point of conver-
gence for the coordination of skeletal muscle growth and me-
tabolism. In this work, we show that insulin-like signals
mediated by Irsl and Irs2 are essential to preserve skeletal
muscle mass and downregulate catabolic/fasting-type metabo-
lism—even in the presence of adequate nutrition—by both
activating Akt—mTOR signaling and limiting AMPK activa-
tion.

MATERIALS AND METHODS

Animals. Animal experiments were performed according to procedures ap-
proved by the Children’s Hospital Boston Institutional Animal Care and Use
Committee. The floxed Irs1 mice (Irs1™") (13), floxed Irs2 mice (Irs2™/") (38),
and muscle creatine kinase (MCK)-Cre mice (8) were intercrossed to generate
muscle-specific Irs1 knockout (MKO1) mice, muscle-specific Irs2 knockout
(MKO2) mice, or double-knockout (MDKO) mice on a C57BL/6 and 129Sv
mixed background. These mice were maintained on regular chow (Prolab Isopro
5P76, with 14 kcal% of energy from fat of diverse sources).

Blood chemistry and body composition. Serum samples were analyzed for
insulin and free fatty acids using commercial protocols and reagents. Blood
glucose and lactate concentrations were measured using a portable glucometer
(Bayer) and lactate meter (Lactate Scout), respectively. For glucose tolerance
tests, mice were fasted for 6 h prior to intraperitoneal injections of 2 g p-
glucose/kg body weight. For insulin tolerance tests, mice received intraperitoneal
injections of 1 U of insulin/kg (Humulin; Eli Lilly). Body composition was
assessed using a DEXA imaging station, according to the manufacturer’s instruc-
tions (GE Healthcare). In vivo insulin stimulation in mice that were fasted and
deeply anesthetized was carried out. Insulin (5 U/10 g) or its diluent was injected
via the inferior vena cava. Skeletal muscles were collected 5 min after injection
and frozen in liquid nitrogen. AMP and ATP concentration were analyzed by
high-pressure liquid chromatography (HPLC) (Vanderbilt University), and gly-
cogen content was determined by enzymatic assay (BioVision). The skeletal
muscle cross-sectional area was determined using LSM software (Zeiss).

Muscle incubation. Ex vivo muscle incubation was performed as described
previously (3). Incubation medium was prepared from stocks of gassed (95% O,,
5%CO,) Krebs-Henseleit buffer (KHB) supplemented with 5 mM HEPES and
0.1% bovine serum albumin (radioimmunoassay grade). Extensor digitorum
longus (EDL) and soleus muscles were excised and incubated at 30°C in a
shaking water bath under a constant gas phase (95% 0O,/5% CO,), unless stated
otherwise. For glucose uptake, muscles were preincubated for 30 min in KHB
containing 2 mM pyruvate in the absence or presence of 12 nM insulin. Muscles
were then transferred to KHB with additions of 1 mM 2-deoxy-p-[1,2-*H]glucose
(2.5 pCi/ml) and 19 mM [U-'*C]mannitol (0.7 p.Ci/ml) for 20 min with or without
insulin. Extracellular space and intracellular 2-deoxyglucose concentrations were
determined by liquid scintillation counting of muscle lysate homogenized in 0.5
M NaOH. For palmitate oxidation, muscles were incubated for 2 h in Krebs-
Henseleit buffer supplemented with 5 mM HEPES, 1.5% fatty acid-free bovine
serum albumin, 5 mM glucose, and 0.5 mM [1-'*C]palmitate (1.0 p.Ci/ml). To
measure glucose oxidation, muscles were incubated for 1 h in 0.5 ml of Krebs-
Henseleit buffer containing 8 mM [U-'*CJglucose (0.3 wCi/ml). Vials were sealed
with a rubber stopper that was fixed with a center well. After incubation, muscles
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were removed and snap-frozen with liquid nitrogen, 0.2 ml of 2 M NaOH was
injected through the rubber stopper into the center well, and 0.2 ml of 75%
perchloric acid was injected into the medium. Released CO, was collected for
2 h, and center wells were transferred to vials for liquid scintillation counting.

For the release of metabolites, muscles were incubated in KHB for an hour,
and the amounts of lactate and amino acids in the media were assayed by using
commercially available protocols and reagents (BioVision). Muscles were re-
moved, and the media were frozen in liquid nitrogen. Muscles were homogenized
in 0.5 M NaOH, and sample aliquots were used for protein determination using
commercially available protocols and reagents (Bio-Rad). Ex vivo IGF1 stimu-
lation was performed by incubating the muscles in KHB containing IGF1 (500
ng/ml) for 30 min, as described above.

Immunoblotting. Muscle samples (collected under random-fed conditions un-
less stated otherwise) were homogenized by a motor-driven pestle in 0.3 ml of
ice-cold lysis buffer containing 20 mM Tris (pH 8.0), 137 mM NaCl, 2.7 mM KCl,
10 mM NaF, 1 mM MgCl, 1 mM Na;VO,, 0.2 mM phenylmethylsulfonyl fluo-
ride, 10% glycerol, 1% Triton X-100, 1 pg/ml aprotinin, and 1 pg/ml leupeptin.
Homogenates were solubilized by end-over-end mixing at 4°C for 60 min and
subjected to centrifugation for 10 min at 12,000 X g at 4°C. Total protein was
determined using commercially available protocols and reagents (Bio-Rad). Pro-
teins (50 pg) solubilized in Laemmli sample buffer were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to Immobilon-P membranes (Millipore, Bedford, MA) (11). Immunoblotting
was performed using antibodies against Irsl1 and Irs2 (Millipore) and other
proteins (Cell Signaling). The immunoblots were visualized by chemilumines-
cence (Bio-Rad), and the signal intensity was quantified by using densitometry
(Kodak GL440 and Kodak molecular imaging software version 4.5.0).

Real-time PCR. RNA was purified with Trizol reagent (Sigma) and treated
with DNase I, according to recommendations of the manufacturer (Ambion).
DNase-treated RNA was used as a template for cDNA synthesis using the
SuperScript first-strand synthesis system (Invitrogen). The quantity of cDNA for
each transcript was measured using real-time PCR in a final volume of 25 pl,
consisting of a diluted cDNA sample, 1X iQ SYBR green (Bio-Rad), primers
optimized for each target gene, and nuclease-free water. Relative quantities of
target transcripts were calculated from duplicate samples after normalization of
the data against B-actin using the standard curve method.

RESULTS

Muscle-specific disruption of Irs1 and Irs2 expression. We
intercrossed Irs1™™ mice and Irs2™" mice with muscle creatine
kinase (MCK)-Cre transgenic mice to produce mice without
muscle Irs1 (MKO1 mice), Irs2 (MKO2 mice), or either of the
Irs proteins (MDKO mice) (8, 13, 38). The MCK-Cre transgene
is expressed in striated muscle and in cardiac myocytes, so both
tissues are expected to be affected (35). At 2 weeks of age,
immunoblotting revealed a striking reduction of Irs1 protein in
skeletal muscle extracts from MKO1 and MDKO mice and
Irs2 protein in muscle extracts of MKO2 and MDKO mice
(Fig. 1A to C). Skeletal muscle extracts contained some resid-
ual Irsl or Irs2 protein, which could be attributed to the in-
complete deletion of the floxed alleles in a small fraction of
myofibers or to the presence of other cell types in the tissue,
including fibroblasts, adipocytes, peripheral nerves, endothe-
lial cells, Schwann cells, or satellite cells (8).

The MKO1 and MKO2 mice showed no perinatal lethality
and survived until the experiment was terminated at 2 years of
age; however, MDKO mice died suddenly between 2 to 3
weeks of age (Fig. 1D). Morphological examination of the
liver, brain, and adipose tissues revealed no detectable abnor-
malities in MDKO mice that could explain their premature
death, and necropsy confirmed that MDKO mice fed normally
until death (Table 1). Irs protein concentrations in MDKO
liver, adipose, and brain tissues were normal (data not shown).
In contrast, at 2 weeks of age, the hearts of MDKO mice were
slightly smaller, though statistically indistinguishable, than
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FIG. 1. Irsl and Irs2 in skeletal and cardiac muscle. (A and B) Protein content of Irs1 (A) and Irs2 (B) analyzed by specific immunoblotting
of gastrocnemius muscle lysates from 2-week-old mice of the indicated genotype (n = 6; *, P < 0.05). Error bars represent standard error of the
mean (SEM). (C) Representative immunoblot of IRS1 and IRS2 proteins in EDL and soleus muscles of control (Irs1/2'") and MDKO mice.
(D) Survival curve of MDKO mice and Irs1/2"" mice. (E to H) Protein concentration and tyrosine phosphorylation of Irs1 and Irs2 in cardiac
muscle extracts from 2-week-old control and MDKO mice (n = 2; #, P < 0.05). (I) Transverse sections of cardiac muscle from two Irs1/2""* and
two MDKO mice at 2 weeks of age. RV, right ventricle; LV, left ventricle. (J). Relative sizes of the left and right ventricles (ventricle area/heart

area) from Irs1/2"™ and MDKO mice (n = 4; *, P < 0.05).

those of the controls (CNTR) (CNTR, 41.9 * 1.1 mg; MDKO,
37.8 = 2.7 mg) (P = 0.171, n = 6) and the ratios of heart to
body weight were equal (CNTR, 5.9 + 0.4; MDKO, 6.0 = 1.4)
(n = 6) (Table 1). Regardless, Irs1 and Irs2 in MDKO cardiac
muscle extracts were barely detected, and tyrosine phosphory-
lation of Irsl and Irs2 was entirely absent (Fig. 1E to H).
Compared to control hearts, transverse sections of the MDKO
hearts revealed significantly dilated left ventricles, consistent
with the progression of dilated cardiomyopathy (Fig. 11 and J).
Because similar pathologies (and time courses of lethality)
have been observed in mice deficient in muscle Ir and Igflr
(35), as well as in mice lacking Irsl and Irs2 specifically in

cardiac muscle (49), we conclude provisionally that the sudden
death of MDKO mice was caused by cardiomyopathy.
Whereas the role of Irsl and Irs2 in cardiomyocytes is under
investigation elsewhere (49), in this report, we focus upon
signaling and metabolism in the skeletal muscle of 2-week-old
mice.

Deficiency of both Irsl and Irs2 impairs skeletal muscle
growth. There was a mild yet statistically significant reduction
in the body mass and body length of MDKO mice compared to
those of control mice at 2 weeks of age (Table 1). Growth
retardation of lean body mass could account for the 13% body
weight reduction (Table 1). Bone mineral densities in MDKO
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TABLE 1. Body composition and tissue-to-body weight ratios of control and muscle-specific Irs1 and/or Irs2 knockout mice

Value for indicated mice”

i
Characteristic’ Control

Control

Control

MKO1 MKO1 MKO2 MKO2 MDKO MDKO

Body weight (g) 82+05 8.1*04 8.7+0.2 8.4+ 0.6 74+0.2 6.4 = 0.3*
Body length (cm) 6.6 +0.1 6.5*0.1 6.6 = 0.1 64 +02 6.3 +0.1 5.7 +0.2%
BMD (mg/cm?) 0.025 + 0.001 0.025 + 0.001 0.025 + 0.001 0.025 + 0.001 0.024 + 0.001 0.024 + 0.001
Lean mass (g) 6.4+ 04 6.3 *03 6.9 +02 6.5*04 6.0*+0.2 52 *+0.2%
Fat mass (g) 1.7+02 1.6 £02 1.7+0.1 1.7x01 1.5+00 15+01
Fat/body (%) 20.1 = 1.1 20.3 = 1.6 20.4 = 0.6 200 =05 20.3 £ 0.6 224 * 0.6*
Heart/body (%) 59+0.2 57+0.1 6.4 +0.3 62*03 59+0.2 6.0 = 0.6
Liver/body (%) 372+18 39.4 £ 0.7 345+ 0.8 323+0.7 354+12 342+09
BAT/body (%) 6.6 = 0.6 6.8 0.8 5.6 =03 50+03 6.0 0.5 6.6 =03
WAT/body (%) 6.8+ 1.0 7.4 0.9 6.3 +0.9 59+1.1 3.8+05 42+0.8
Pancreas/body (%) 7.7+0.2 8.8 £ 0.6 6.5+0.3 57+05 6.3 +0.5 6.7 =09
Kidney/body (%) 147 04 162 04 133+ 0.6 13204 15.6 = 0.6 16.3 £ 0.6
Spleen/body (%) 54 +0.6 6.0 = 0.4 52+04 52+04 4.6 +0.3 54+03
Lung/body (%) 104 £ 0.4 10.6 = 0.4 103 =04 104 £ 0.6 11.6 £ 0.3 124+ 0.6

“ BMD, bone mass density; BAT, brown adipose tissue; WAT, white adipose tissue.
® Tissues were dissected from the indicated mice (n = 6), and wet weight (= standard error) was measured.

¢* P <0.05.

mice were equal to those in the corresponding control mice,
and there were no significant changes in the masses of other
tissues or organs in MDKO mice (Table 1). Given that skeletal
muscle comprises much of whole-body lean mass, we examined
the contribution of Irs1 and Irs2 to skeletal muscle growth. The
skeletal muscle mass of MKO1 or MKO2 mice was largely
normal in comparison to that of age-matched control mice;
however, a mild yet significant reduction of tibialis anterior
(TA) muscle mass in the MKO1 mice was observed (Fig. 2A).
Compared to controls, the average ratio of muscle to body
weight was reduced significantly in MDKO gastrocnemius
(37%; P < 0.001), MDKO tibialis anterior (30%; P < 0.001),
and MDKO quadriceps (40%; P < 0.001) (Fig. 2A). Moreover,
gastrocnemius muscle protein content in MKO1 and MDKO
mice was significantly decreased (14% and 37%, respectively)
(Fig. 2B). This decrease in protein content (37%) equaled the
overall reduction of skeletal muscle mass (37%) in the MDKO
mice, suggesting that the loss of protein accounts for the total
muscle mass reduction. Morphological examination revealed
that the TA muscle cross section of MDKO mice was reduced
38% compared to that of the control mice (Fig. 2C). The
individual myofiber cross-sectional area was also reduced, as
revealed by the skewed myofiber size distribution (CNTR me-
dian size, 95% confidence interval [CI] of 378 to 421; MDKO
median size, 95% CI of 229 to 252) (Fig. 2D and E). Taken
together, these data suggest that growth retardation of MDKO
mice was restricted largely to skeletal muscle and that Irsl
appears to contribute more to muscle growth than Irs2.
Insulin-like signaling is impaired in MDKO skeletal mus-
cle. We investigated the effect of Irs1 and/or Irs2 deficiency on
insulin signal transduction in gastrocnemius muscle. Two-
week-old mice were treated for 5 min with insulin (vena cava
injection), followed by removal of the muscle tissue. Compared
to MKO1, MKO?2, or control tissue, insulin-stimulated Akt
phosphorylation (T308*') was barely detected in MDKO
muscle extracts by immunoblotting (Fig. 3A to C). By compar-
ison, an insignificant (P = 0.26) reduction of T308**' phos-
phorylation was observed in MKO1 mice (Fig. 3A), and no

reduction was observed in MKO2 mice (Fig. 3B). Insulin-
induced phosphorylation of $473*** was reduced significantly
(50%) in MKO1 and MDKO mice (Fig. 3D and F), whereas
S473% phosphorylation was not reduced in the MKO2 mice
(Fig. 3E). Therefore, Irs1 has a significant role in the activation
of T308*** phosphorylation in skeletal muscle during insulin
stimulation; however, a role for Irs2 may be observed in the
absence of Irsl.

Isolated skeletal muscles from control and MDKO mice
were incubated with IGF1 to evaluate the role of Irs1 and Irs2
in the transmission of the skeletal muscle hypertrophic signal
(5, 19). Compared to control muscle samples, the IGF1-stim-
ulated phosphorylation of T308*** was impaired in skeletal
muscle from MDKO mice (Fig. 3G). Consistent with these
results, IGF1-mediated activation of the mTOR pathway, in-
cluding the phosphorylation of TCS2 (T1462™5°%), S6K
(T3895%), ribosomal protein S6 (S2405¢ S2445%), and 4EBP1
(T37*EBPY) was also significantly reduced in the skeletal mus-
cle of MDKO mice (Fig. 3H to K).

The skeletal muscle atrogene program is upregulated in
MDKO mice. Insulin-like signals are critical suppressors of the
skeletal muscle atrophy gene program, in part via inhibition of
Foxo transcription factors (5, 19). Akt-mediated phosphoryla-
tion of Foxo1/3 reduces their nuclear localization and inhibits
their transcriptional effects (46). In skeletal muscles from
MDKO mice, the phosphorylation of Foxol (S256) and Foxo3
(5253) was reduced significantly, by about 50%, whereas the
slight reduction in MKO1 or MKO2 muscle did not reach
significance (Fig. 4A and B). Consistent with increased con-
centrations of unphosphorylated Foxo1/3 in the skeletal mus-
cle of MDKO mice, expression of genes involved in skeletal
muscle atrophy increased significantly, including MuRF1
(muscle-specific RING finger protein 1), Becnl (autophagy-
related gene [Atg] 6 or Beclinl), Lamp2a (lysosomal-associ-
ated membrane protein 2), cathepsin, LC3 (microtubule-asso-
ciated protein 1 light chain 3a), Gabarapll [GABA(A)
receptor-associated protein-like 1], and atrogin (F-box only
protein 32); however, the housekeeping gene Gapdh remained
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unchanged (Fig. 4C). The genes involved in skeletal muscle
atrophy are known to be direct targets of the Foxo transcrip-
tion factors (60). This transcriptional reprogramming of
MDKO skeletal muscle was expected to increase the rate of
proteolysis (60) Consistent with this, there was an increase in
amino acid release from isolated fast-twitch/glycolytic EDL
and slow-twitch/oxidative soleus muscles of MDKO mice (Fig.
5A), and the protein content of both muscle types was consis-
tently reduced (Fig. 5B).

Metabolism of glucose to lactate in MDKO skeletal muscle.
Because skeletal muscle is a major site of insulin-stimulated
glucose disposal, we investigated whether the genetic ablation
of skeletal muscle Irsl and/or Irs2 dysregulated nutrient ho-
meostasis. During random feeding, the MDKO mice displayed
mildly depressed blood glucose with markedly elevated blood
lactate concentration, whereas the MKO1 and MKO2 mice
were normal (Fig. 5C and D). Fasting blood glucose levels in
control and MDKO mice were equal, but fasting blood lactate
in MDKO mice was elevated by about 2-fold (Fig. 5E and F,
time = 0 min). These results suggested an altered metabolic
fate of glucose in the MDKO mice, owing apparently to an
increased conversion of glucose to lactate in skeletal muscle.

To establish whether lactate production in the MDKO mice
depended upon the circulating glucose concentration per se, we
altered the glucose availability to skeletal muscle in situ by
injecting glucose or insulin into control and MDKO mice.
Under the challenge of a glucose load, MDKO mice and con-
trol mice displayed identical glucose tolerances (Fig. SE). Fol-
lowing the glucose injection, blood lactate increased with sim-
ilar time courses by about 30% in the control and MDKO
mice, but the absolute concentration of lactate was always
significantly higher in the MDKO mice (Fig. 5F). Like the
glucose concentration, lactate returned to the basal concentra-
tion 2 h after the glucose injection, consistent with the hypoth-
esis that excess circulating glucose was converted to lactate.

During the insulin tolerance test, MDKO mice displayed
only mild insulin resistance compared to that displayed by the
control mice (Fig. 5G). Given the lack of insulin-stimulated
glucose uptake into isolated MDKO muscle seen in separate
experiments (Fig. 6D and see below), this may have owed
partly to the disappearance of glucose into nonmuscle tissues.
Consistent with the hypothesis that circulating glucose is rap-
idly converted into lactate in MDKO mice, the decrease in
blood glucose concentration in insulin-injected MDKO mice
was paralleled by a decrease in blood lactate (Fig. 5H). In
comparison, the blood lactate concentration was low and un-
changed following insulin injection of control mice (Fig. SH).

AMPK is activated in skeletal muscle of MDKO mice. The
conversion of circulating glucose to lactate in MDKO skeletal
muscle suggested decreased oxidation of glucose via the tricar-
boxylic acid (TCA) cycle that could, in turn, lead to energy
depletion and an increase in the cellular AMP/ATP ratio (39,
60). Consistent with this, the rate of glucose oxidation was
significantly decreased in both EDL and soleus muscles from
MDKO mice (Fig. 6A) in conjunction with increased expres-
sion of Pdk4, which regulates the entry of pyruvate from gly-
colysis into the TCA cycle (Fig. 6E). The ATP concentration in
MDKO skeletal muscle decreased significantly (CNTR, 353 =
24 pmol/g; MDKO, 269 + 24 pmol/g) (P = 0.04), while the
AMP concentration increased (CNTR, 4.6 = 0.8 pmol/g;
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MDKO, 10.1 = 1.4 wmol/g) (P = 0.01). In combination, these
changes gave rise to a 3-fold increase in the AMP/ATP ratio in
MDKO skeletal muscle compared to that in control muscle
(Fig. 6B). Consistent with these data, AMPK phosphorylation
was increased significantly in MDKO skeletal muscle, with
smaller effects detected in MKO1 and MKO?2 mice (Fig. 6C).
Compared to muscle from control mice, the phosphorylation
of ACC (acetyl-CoA carboxylase)—a direct target of AMPK—
was strongly increased in MDKO muscle, and smaller in-
creases were noted in MKO1 and MKO2 muscle (Fig. 6C).

Thus, normal signaling by both Irsl and Irs2 appears to be
required for normal glucose metabolism and ATP production
to attenuate the activation of the AMP/ATP—-AMPK—ACC
signaling cascade.

AMPK suppresses cell growth and biosynthetic processes in
part through its inhibition of the rapamycin-sensitive mTOR
(mTORCT1) pathway. AMPK phosphorylation of the TSC2 tu-
mor suppressor and the mTORCI binding partner Raptor
contribute to this inhibition (23). Compared to the control,
Raptor was strongly phosphorylated in MDKO muscle on the
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highly conserved AMPK site (S7928#P*°) (Fig. 6C). In con-
trast, the phosphorylation of TSC2 on a conserved AKT site
(S146275<?) was decreased in MDKO muscle (Fig. 6C), con-
sistent with reduced insulin-like signaling (26). Similar effects
were difficult to detect in the MKO1 and MKO2 muscle. To-
gether, these results demonstrate the inhibition of mTOR-
mediated muscle growth in the MDKO mice.

Given the potential for activated AMPK signaling to affect
muscle glucose disposal (15, 58), we measured glucose uptake
into isolated skeletal muscle with or without insulin stimula-
tion; importantly, the preincubation/equilibration of skeletal
muscles in this in vitro metabolic assay diminishes the potential
contribution of altered nutrient, hormonal, or other systemic
factors in the MDKO mice. Both EDL and soleus muscles
from control mice displayed normal insulin-stimulated glucose
uptake during in vitro incubation; however, the effect of insulin
upon glucose uptake into muscle from MDKO mice was insig-
nificant (Fig. 6D). In contrast, basal glucose uptake in MDKO
muscle was substantially elevated in conjunction with increased
AMPK activation, reaching the same levels as those of the
insulin-stimulated glucose uptake seen in control muscle (Fig.
6D). This increase in basal glucose uptake was not the result of
altered glucose transporter expression, as the concentrations of
the GLUT1 and GLUT4 transporter proteins were signifi-
cantly reduced in MDKO muscle lysates (Fig. 6F and G).
Increased basal glucose uptake—but impaired glucose oxida-
tion—was compatible with the increased AMP/ATP ratio of

isolated MDKO muscles (Fig. 6B) and accompanied by in-
creased lactate release (Fig. 6H), mirroring the in vivo hyper-
lactatemia of MDKO mice. In comparison with control muscle,
the glycogen content in MDKO muscle was reduced sig-
nificantly (Fig. 6I). Consistent with the activation of
AMPK—ACC signaling, both EDL and soleus muscles from
MDKO mice displayed increased palmitate oxidation under in
vitro incubation conditions (Fig. 6J).

DISCUSSION

Insulin-like signaling in skeletal muscle is initiated by the
activation of the insulin and IGF1 receptor tyrosine kinases
(35), which are linked to downstream pathways through the
Irs1 and Irs2 branches of the cascade. Based upon our analyses
of insulin- and IGF1-stimulated Akt—mTORCI1 signaling, Irs1
has a slightly greater, albeit not exclusive, role in insulin-like
signaling in muscle than Irs2. Consistent with this, MKO1 mice
display a small reduction in muscle mass and protein content,
whereas no reduction in MKO2 mice is detected. These results
are consistent with previous work showing that conventional
systemic IrsI knockout mice are smaller than control mice (2,
57). Regardless, when the Irs1 branch is inactivated in MKO1
muscle, Irs2 can promote Akt—mTORCI signaling and mus-
cle growth. Since the deletion of both Irsl and Irs2 further
reduces muscle growth in MDKO mice—and either Irs1 or Irs2
can prevent sudden death—we conclude that both Irs proteins
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contribute to insulin-like signaling in skeletal and cardiac mus-
cles.

Insulin-like signals promote muscle growth through the
Akt—mTOR pathway (5, 19). Compared to control mice, Akt
phosphorylation at T308**T and S473*¥T in MKO1 muscle is
mildly impaired, whereas Akt phosphorylation in MKO2 mice
is normal. Moreover, insulin-stimulated phosphorylation of
T308*K" and S473*%T in MDKO muscle is lower but is sta-
tistically indistinguishable from MKO1 muscle. These results
support the conclusion that Irsl has a greater role in the
phosphorylation/activation of Akt in skeletal muscle than Irs2.
Upon deletion of Irsl—or both Irs1 and Irs2—insulin-stimu-
lated T308*T phosphorylation is more strongly reduced than

S473~KT phosphorylation. This difference might arise because
T308*K" is a direct target of PDKI1, which is immediately
downstream of phosphatidylinositol (PI) 3-kinase, whereas
S4734%T phosphorylation is off this pathway and mediated at
least in part by mTORC?2 (33). The role of mTORC2 in skel-
etal muscle S473**T phosphorylation in mice is confirmed by
muscle-specific deletion of Rictor, a component of the
mTORC2 complex (7, 32). The mechanism of mTORC2 acti-
vation in response to insulin is unknown and might involve a
pathway distinct from that of Irs1 and Irs2.

Skeletal muscle proteolysis is an important source of amino
acids during fasting, and Foxo transcription factors promote
the expression of critical proteins that mediate this process (28,
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50, 52, 54, 60). Overexpression of Foxo1/3 is sufficient to acti-
vate proteasomal and autophagy/lysosomal degradation of
skeletal muscle protein (28, 40, 60). Foxo1/3 activity also pro-
motes atrophy during muscle disuse and renal failure (41, 61).
Our results show that Irs1 and Irs2 signaling is required to
suppress this catabolic pathway even when nutrients are abun-
dant, at least in part by promoting Akt-mediated phosphory-
lation of Foxol and Foxo3, which inhibits their transcriptional

activities. The deletion of Irsl or Irs2 alone has mild and
insignificant effects upon Foxol and Foxo3 phosphorylation,
suggesting that either Irs protein can regulate skeletal muscle
Foxo1/3; however, deletion of both Irs1 and Irs2 in the MDKO
mice reduces significantly, albeit incompletely, the phosphory-
lation of Foxo1/3 (S2565°*°! and $253F°x%),

In the absence of Irsl alone (MKO1 muscle), insulin-stim-
ulated Akt phosphorylation is reduced, but Foxo1/3 phosphor-
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ylation remains unaltered, suggesting that the residual level of
Akt activity is sufficient to regulate Foxol/3. However, Foxo
activity is also regulated by AMPK (21), which is strongly
activated in MDKO but not MKO1 muscle. Thus, a combina-
tion of decreased Akt activation and increased AMPK signal-
ing may account for the decrease in Foxo1/3 phosphorylation
specifically in MDKO muscle. Regardless, the diminished
Foxo1/3 phosphorylation is associated with increased expres-
sion of Foxo-regulated proteasomal and autophagy genes
(atrogenes) that promote protein degradation (28, 40, 60) and
amino acid efflux from MDKO muscle (Fig. 7). Impaired
mTORCI pathway signaling in the absence of Irs1/2 may fur-
ther contribute to the reduced mass and protein content of
MDKO muscle via dysregulation of muscle protein synthesis at
the level of the translational machinery (5, 19). Additionally,
mTORCI1 signaling has been shown to contribute to the reg-
ulation of genes involved in atrophy, including MuRF1 and
atroginl (34, 51). Thus, signals transduced by Irsl and Irs2
together are essential to suppress skeletal muscle proteolysis
during nutrient abundance and promote the mTORC1-medi-
ated muscle growth/hypertrophic signal (Fig. 7).

Insulin signaling regulates the energy balance in skeletal
muscle by stimulating glucose uptake and glycogen storage
(53). Previous studies that utilized systemic knockout mouse
models of Irsl or Irs2 demonstrated that neither Irs1 nor Irs2
is essential for insulin-induced skeletal muscle glucose uptake
(18, 24, 25). In contrast, we provide evidence that ablation of
both Irs1 and Irs2 abolishes insulin-stimulated glucose uptake
in skeletal muscle; therefore, both Irs proteins are critical, and
have overlapping roles, in mediating the effect of insulin. Akt
has been recognized as a critical regulator of both skeletal
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muscle glucose transport (10, 17, 43) and activation of glycogen
synthesis (12, 56). Consistent with the impaired Akt activation
in MDKO skeletal muscle, glycogen stores are significantly
decreased, further supporting that the Irs1/2 proteins are re-
quired to maintain the skeletal muscle energy balance.

Glucose transport into skeletal muscle is essential for nutri-
ent homeostasis, as the deletion of the insulin-regulated Glut4
transporter (solute carrier family 2, member 4) in muscle pro-
motes insulin resistance and glucose intolerance (62). Thus,
skeletal muscle insulin resistance was thought originally to be
a prominent cause of hyperglycemia that could progress to
diabetes; however, this hypothesis is not supported by the
deletion of insulin and IGF1 receptors or by the deletion of
Irs1 and Irs2 from skeletal muscle (35, 37). Compared to con-
trol mice, our MDKO mice display mild hypoglycemia rather
than elevated circulating glucose. Moreover, MDKO mice dis-
play normal glucose tolerance, in comparison with that dis-
played by control mice, during an intraperitoneal glucose chal-
lenge. Similar results were observed with mice lacking skeletal
and cardiac muscle insulin and IGF1 receptors (35). These
results are unexpected because insulin-stimulated glucose in-
flux into skeletal muscle is thought to be critical for glucose
homeostasis (53). Although insulin-stimulated glucose uptake
into MDKO muscle is lost, basal glucose influx increases to the
level ordinarily measured during insulin stimulation. Thus, in
contrast with the impaired insulin sensitivity of type 2 diabetes,
the nearly complete skeletal muscle insulin resistance in
MDKO mice does not give rise to glucose intolerance or hy-
perglycemia.

Glucose metabolism is nevertheless significantly dysregu-
lated in MDKO muscle. Ordinarily, glucose is transported into
myocytes via Glut4, where it is phosphorylated by hexokinase
and utilized in the glycolytic/oxidative phosphorylation path-
way to generate ATP or incorporated into glycogen by glyco-
gen synthase (53). However, compared to control mice, ATP
and glycogen concentrations are reduced in MDKO muscle,
and lactate production is increased under both fasting and
postprandial conditions. Since glucose influx into MDKO mus-
cle is constitutively elevated, the blood lactate concentration
fluctuates in parallel with the blood glucose concentration.
This metabolism of glucose to lactate—or “carbon intoler-
ance” of the skeletal muscle—provides an alternative route of
glucose disposal that contributes to the maintenance of nor-
moglycemia in MDKO mice (Fig. 7).

Among insulin-independent pathways, AMPK is one of the
most prominent candidates in the activation of skeletal muscle
glucose uptake (15, 58). AMPK serves as an energy sensor to
detect an increase in the AMP/ATP ratio and, in turn, restores
energy balance by suppressing anabolic pathways that consume
energy while promoting catabolic pathways, including fatty
acid oxidation, that mobilize or generate energy (27, 39). Con-
sistent with reduced glycogen storage and an increased AMP/
ATP ratio, AMPK is strongly activated in MDKO skeletal
muscle, where it promotes phosphorylation of ACC and Rap-
tor to increase fatty acid oxidation and further decrease pro-
tein synthesis, respectively (Fig. 7) (23, 59). Thus, Irs1 and Irs2
signaling is actively required to suppress skeletal muscle fast-
ing/catabolic pathways, even in the presence of adequate nu-
trition, through maintenance of an AMP/ATP ratio sufficient
to suppress AMPK activation.
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Treatment of isolated mouse skeletal muscle with AICAR (a
pharmacological activator of AMPK) increases GLUT4 trans-
location (15, 58) and skeletal muscle glucose uptake concom-
itant with an increase in lactate release from the tissue due to
increased glycolysis (44). Consistent with this, the derepressed
skeletal muscle AMPK pathway of MDKO mice increases glu-
cose uptake under basal conditions, associated with mild hy-
poglycemia and increased lactate release from the muscles
(Fig. 7). Importantly, as both GLUT1 and GLUT4 protein
content in MDKO muscles is decreased, the observed increase
in basal glucose uptake likely owes to the effects of activated
AMPK signaling upon glucose transporters (1, 4) rather than
increased transporter protein expression. In contrast, the im-
paired insulin-induced glucose uptake seen in MDKO muscle
is consistent with the observed decrease in GLUT4, which is
critical for insulin-mediated skeletal muscle glucose uptake
(62).

The flexibility of skeletal muscle to switch substrate utiliza-
tion is central for energy homeostasis (14). Under postprandial
conditions, insulin stimulates skeletal muscle glucose uptake
and utilization. During fasting, when circulating glucose con-
centrations fall and fatty acid concentrations rise, fatty acid
oxidation by skeletal muscle increases (14, 30). Although sub-
strate availability is postulated to be the major factor in the
regulation of the metabolic flexibility of skeletal muscle, Foxol
also controls this switch by upregulating three key enzymes:
Pdk4 (pyruvate dehydrogenase kinase 4), which inhibits Pdh
(pyruvate dehydrogenase); lipoprotein lipase (LPL), which hy-
drolyzes plasma triglycerides into fatty acids; and CD36 (fatty
acid translocase), which facilitates fatty acid uptake into skel-
etal muscle (6, 14, 16, 30). Notably, inhibition of Pdh activity by
Pdk4 reduces the conversion of glycolytically derived pyruvate
into acetyl-CoA, thereby diverting glucose flux to lactate and
away from oxidation in the TCA cycle (6, 16). Consistent with
this, glucose oxidation in MDKO skeletal muscles is decreased,
concomitant with increased expression of PDK4 (Fig. 7).

The switch from glucose oxidation to lactate production
might contribute directly to the observed decrease in the ATP
concentration in MDKO skeletal muscle; however, the result-
ant AMPK-mediated upregulation of fatty acid oxidation fails
to completely restore the energy balance. Several mechanisms
may contribute to this state. First, degradation of cellular pro-
teins is an energy-consuming process. ATP is required for the
activation of ubiquitin by a ubiquitin-activating enzyme (E1) as
well as the engagement, unfolding, and translocation of
polypeptides in the ATP-dependent proteasome (20); the in-
crease of proteolysis in MDKO muscle therefore contributes to
the depletion of energy stores. Second, the lack of insulin
signaling in MDKO muscle likely impairs mitochondrial oxi-
dative phosphorylation and ATP production, as previously
seen in hepatocytes lacking both Irs1 and Irs2 (9). Consistent
with this, deletion of Ir and Igflr using MCK-Cre decreases
expression of mitochondrial electron transport chain genes in
cardiac muscle (35). Third, elevated lactate release from
MDKO skeletal muscle diminishes pyruvate availability for the
synthesis of oxaloacetate—a critical anaplerotic pathway to
replenish the TCA cycle (47) (Fig. 7); thus, the efficiency of
coupling fatty acid oxidation to the TCA cycle for energy
production is also likely compromised. Collectively, these per-
turbations increase the energy demand and impair energy pro-

MoL. CELL. BIOL.

duction in MDKO skeletal muscle, resulting in a sustained
increase in the AMP/ATP ratio that is uncompensated by
AMPK activation.

As previously reported for the deletion of muscle insulin and
IGF1 receptors by MCK-Cre (35) and also for the cardiac
muscle-specific deletion of Irs1 and Irs2 (49), our MDKO mice
exhibit dilated cardiomyopathy. However, it appears likely that
the skeletal muscle growth and metabolic phenotypes that we
observe in 2-week-old MDKO mice are largely independent of
this cardiac pathology. First, the presence of milk in the stom-
achs of MDKO pups during necropsy revealed that these mice
suckled normally. Second, excepting the skeletal muscles, the
masses of all investigated organs and tissues in MDKO mice
(including the heart, where MCK-Cre was active) were unal-
tered. Most importantly, cardiomyocyte-specific disruption of
Irs1 and Irs2 expression causes a similar early lethal phenotype
in mice, but without overt derangement of systemic metabo-
lism (E. D. Abel, personal communication) (49).

By restoring Irs1 or Irs2 expression in cardiac muscle with an
appropriate transgene, it might be possible to extend the life
span of MDKO mice significantly; such an approach would
facilitate investigation of the progression of systemic insulin
action and glucose tolerance as the mice age into adults. Trans-
genic mice with a skeletal muscle-specific dominant-negative
IGF1 receptor develop impaired muscle glucose uptake in
response to IGF1 and insulin and hyperinsulinemia, with glu-
cose and insulin intolerance (37). Owing to the formation of
hybrid receptors, the dominant-negative IGF1 receptor appar-
ently inhibits both IGF1 and insulin receptor signaling. It will
be important to establish whether adult mice without skeletal
muscle Irs1 and Irs2 signaling can maintain glucose tolerance
through the alternative metabolism described in this report.

In summary, insulin-like signaling mediated by Irs1 and Irs2
activates the Akt—mTOR signaling cascade and inhibits Foxo
pathways, which reciprocally regulate skeletal muscle growth/
atrophy (Fig. 7). An increased AMP/ATP ratio, coincident
with the increased metabolism of glucose to lactate in MDKO
muscle, activates AMPK. Increased AMPK activity further an-
tagonizes mTOR/Raptor-mediated protein synthesis while fail-
ing to completely restore the energy balance via upregulation
of fatty acid oxidation. Thus, insulin-like signals mediated by
Irs1/2 are essential to coordinate nutrient availability with skel-
etal muscle growth to maintain whole-body metabolic ho-
meostasis.
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